This paper presents the regression equation for predicting compressive strength of in-situ concrete. For this purpose, this study used the data of mixture proportions of ready-mixed concrete and test results of compressive strength at construction sites.
Introduction

Background and Significance
Ready-mixed concrete (RMC) was first produced through RMC plant constructed by J. H. Magen in Germany in 1903, but was not settled at that time because of segregation on carrying. Together with development of agitator equipments in 1926, RMC had grown steadily.
In case of RMC industry in Korea, since 1965, production capacity and consumption of RMC have reached 355million cubic meter and 137million cubic meter in 2002, respectively. However, several quality problems of RMC remained.
Only a few tests have been done to ensure concrete quality before placing; the slump test for workability, tests of air contents and chloride contents for durability. The compressive strength that is the one of influential factors on concrete quality has been tested at 7 and 28 days. Several methods for early estimation of concrete strength have been introduced for concrete quality control, but they are expensive and time-consuming, and need experienced skill as well.
Therefore, these strength tests are not practical to predict. In addition, available documents offered from RMC plants were not applied to strength control of concrete at construction sites.
This study aims to make the regression equation and review applicability of prediction equation as a means of strength control of concrete, which enables to predict compressive strength by a multiple linear regression analysis with respect to mixture proportions from RMC plants and corresponding field test results of compressive strength.
Procedure and Scope
Data, mixture proportions of RMC plants and quality test results of fresh concrete and hardened concrete at the construction sites, were attained from 8-apartment construction sites located in the district of In-cheon and Kyeong-gi between April 1999 and July 2001 for this study. Mixtures using a binder except normal portland cement were excluded. Data of this study are 1442 compressive strength test results based on 59 different kinds of mixtures with specified compressive strength of 18~27MPa, water-cement ratio of 0.39~0.62, maximum aggregate size of 25mm, and slump of 12~15cm.
Sampling concrete was carried out just before placing in structures. Compressive strength test specimens were cast and cured according to KS F 2403, that is, stored in water at the laboratory of construction site until the moment of strength test in accordance with KS F 2405.
Table1 represents physical characteristics of concrete constituents.
The flow diagram for predicting compressive strength of in-situ concrete is shown in Fig.1 .
Commercial software(SPSS) is used for statistical analysis.
Variability of concrete strength
Variation in concrete strength of the test specimens depends on how well the materials, concrete manufacture, and testing is controlled. Especially construction practices may cause variation in strength of in-situ concrete due to inadequate mixing, poor compaction, delay, and improper curing. Table 2 shows mixture proportions on 59 kinds of insitu concretes and corresponding compressive strength.
Water-cement ratio for specified compressive strength of 18, 24, and 27MPa are 0. Table 1 . Physical characteristics of constituents of concrete The class of strength control for in-situ concrete can be evaluated by standard deviation.
Mean and standard deviation of compressive strength(MPa) at the RMC plants are given on Table 3 . Based on the analysis of standard deviation of strength obtained by RMC plants and construction sites, the class of strength control given in ACI 214-77 (Reapproved 1997) is "Excellent". Standard deviation is bellow 2.8MPa as shown in Fig. 2 and Fig. 3 . However, compressive strength of specimens cured in water on construction site is over 14~29% as compared with specified compressive strength. It is estimated that mixture proportions are not economical in case of some RMC plants. Standard deviations of compressive strength at 7 days are bigger than those of compressive strength at 28 days, which means that the magnitude of variation in strength is big at early ages. It can be seen that the frequency distribution of strength test results by specified compressive strength follows normal distribution curve as shown in Fig. 4 . 
Prediction of compressive strength of concrete
According to the formula by Abrams, an increase in the water-cement ratio decreases the concrete strength, whereas a decrease in the water-cement ratio increases the strength.
The formula of Abrams is;
. However quite a few investigators have reported that the higher the cement contents, the lower the strength of concrete in identical water-cement ratio. Therefore, effort should be made to analyze the role of constituents of concrete.
It is worthwhile to analyze effects of cement, water, and aggregate contents including water-cement ratio as well as those of water-cement ratio for the increase of reliability on the concrete strength prediction. Table 4 shows correlation coefficients between compositions of mixture based on documented data from RMC plants and field test results of compressive strength.
Analysis of influential factors on compressive strength
Correlation coefficients between compressive strength and factors for mixture such as water-cement ratio, cement-water ratio, cement contents, and cementaggregate ratio are above 0.6. These are considered as the principal influential factors that determine compressive strength of concrete.
The strength of concrete increases with increasing cement-water ratio, cement contents, coarse aggregate contents, and cement-aggregate ratio, and with decreasing water-cement ratio, water contents, fine aggregate contents, total aggregate contents and fine aggregate-total aggregate ratio.
Thus compressive strength of in-situ concrete is found to be closer correlation with cement contents than water contents. In case of aggregates, it was analyzed that correlation of fine aggregate with strength is higher than that of coarse aggregate with compressive strength of in-situ concrete.
Prediction of compressive strength
Influential factors that determine compressive strength of concrete are analyzed by correlation analysis. Then, a multiple linear regression analysis is carried out with respect to compressive strength and principal influencing factors of mixture such as water-cement ratio, cementwater ratio, cement contents, and cement-aggregate ratio. Prediction equations are augmented on the basis of Eq. (1) and Eq.(3). Table 5 represents variables of multiple regression analysis and compressive strength prediction model. Table 7 and 9 have best-fit coefficient among various augmentations of equations. Therefore, prediction equations of concrete strength at 7 and 28 days are expressed as Eq. (4) and (5) . These are augmented from Abrams formula with cement contents and cement-aggregate ratio.
To predict the compressive strength at 7 days the following equation is obtained. The standard prediction error of Eq. (4) Table 10 shows experimental compressive strength, calculated compressive strength by Eq. (4) and (5), and prediction error with respect to each mixture.
In case of mix No. 8 and 15 of Table 10 , the prediction error of compressive strength at 28 days is above 3MPa, due to the high standard deviation of compressive strength on RMC plant of K. When standard deviation is high at the RMC plants, it can be recognized that prediction error is high. Therefore, superior quality management is demanded at the RMC plants in order to be more applicable prediction by mixture proportions. Fig. 7 shows the relation of experimental compressive strength at 7 and 28 days.
Conclusions
From this study the following conclusions are deduced.
1) In this study, standard deviation of compressive strength of in-situ concrete is almost 'Excellent' level according to ACI 214. However, compressive strength of specimens cured in water at the laboratory construction sites is over 14~29% as compared with specified compressive strength.
2) Based on the results of correlation analysis influential factors are water-cement ratio, cement-water ratio, cement contents, cement-aggregate ratio in order. The w/c is most influential.
It is efficient to consider the effects of these influential factors for reliability of prediction of compressive strength.
3) Compressive strength prediction equations were provided for in-situ concrete with water-cement ratio of 0.39~0.62 and specified compressive strength of 18~27MPa at 7 and 28 days, which are modified from formula of Abrams with respect to cement contents and cement-aggregate ratio. Standard prediction error of prediction equation is 1.1MPa.
To predict the compressive strength at 7 days the following equation is obtained.
f P = exp[2.393 -1.217(w/c) -0.0048c + 6.16{c/(s + g)}]
To predict the compressive strength at 28 days the following equation is obtained. 
